While woody plant encroachment has been observed worldwide in savannas and adversely affected the ecosystem structure and function, a thorough understanding of the nature of this phenomenon is urgently required for savanna management and restoration. Among others, potential woody cover (the maximum realizable woody cover that a given site can support), especially its variation over environment has huge implication on the encroachment management in particular, and on tree-grass interactions in general. This project was designed to explore the pattern of potential woody cover in Texas savanna, an ecosystem with a large rainfall gradient in west-east direction. Substantial random pixels were sampled across the study area from MODIS Vegetation Continuous Fields (VCF) tree cover layer (250m). Since potential woody cover is suggested to be limited by water availability, a nonlinear 99 th quantile regression was performed between the observed woody cover and mean annual precipitation (MAP) to model the pattern of potential woody cover. Research result suggests a segmented relationship between potential woody cover and MAP at MODIS scale. Potential biases as well as the practical and theoretical implications were discussed. Through this study, the hypothesis about the primary role of water availability in determining savanna woody cover was further confirmed in a relatively understudied US-located savanna.
Introduction
Savanna ecosystems are characterized by the coexistence of woody and herbaceous vegetation (Frost et al., 1986) . They exist across a wide range of conditions in terms of climate (e.g. rainfall), soil nutrient content, fire regimes and herbivory level, covering about 20% of the Earth's terrestrial surface (Ramankutty & Foley, 1999) . Mainly found in tropics and subtropics, savannas are home to a large proportion of human population, livestock and wildlife of the world. Moreover, savanna ecosystems play a critical role in global land-atmosphere energy balance, as well as carbon, nutrient, and water cycles (Scholes & Walker, 1993; Lal, 2004) .
Many theories have been advanced to explain the coexistence and relative abundance of woody and herbaceous components in savannas, which can be categorized into two broad classes (Walter, 1971; van Langevelde et al., 2003; Higgins et al., 2000) . While one is based upon the competitive interactions between the two contrasting life forms, the other focuses exclusively on tree establishment and persistence restricted by demographic bottlenecks (Sankaran et al., 2004) . However, both positive and negative evidence exists for each category of those theories, and none of them is generalizable across all types of savannas (Scholes & Archer, 1997; Jeltsch et al., 2000) . Other than that, savanna dynamics have been debated with regard to equilibrium, nonequilibrium, and disequilibrium dynamics (Ellis & Swift, 1988; Sullivan & Rohde, 2002) . As for 2 savanna modeling community, the validity of traditional succession models versus state-andtransition models needs further investigation (Fowler & Simmons, 2008) .
Furthermore, the phenomenon of woody plant encroachment, defined as the directional increase of woody plants at the expense of herbaceous vegetation, commends the relevance of illuminating the above 'savanna questions'. This is because that the encroachment has been observed in southern United States (Archer et al., 1995; Creamer et al., 2013) and many other parts of the world (Cabral et al., 2003; Soliveres & Eldridge, 2014; Coetsee et al., 2013) . And it has adversely affected the ecosystem production and function, and largely reduced species diversity (Hughes et al., 2006; Van Auken, 2009; Alofs & Fowler, 2010) . A thorough understanding of the aforementioned alternative mechanisms and dynamics is urgently required for woody encroachment management, especially in consideration of changing climate and land use patterns anticipated to worsen the scenario (Sala et al., 2000; House et al., 2003; IPCC, 2014) . Potential woody cover -the maximum realizable woody cover that a given site can support -would provide insights into these 'savanna questions'.
Background
During the past several decades, substantial increase in woody plants has been observed on the Edwards Plateau of Texas, USA (Archer, 1989; Taylor, 2008; Alofs & Fowler, 2010) . The encroachment was attributed to the expansion of existing woody species and establishment of new woody species, accompanied by a significant amount of temporal and spatial heterogeneity in fire regimes and herbivory level (González, 2010; Alofs & Fowler, 2013) . Being unfavorable to the dominant herbivores in this region (domestic livestock and deer), the encroaching species of Ashe juniper and red berry juniper now dominate much of the plateau, largely reducing livestock production and regional plant diversity (Fowler & Simmons, 2008; Creamer et al., 2013) .
Facing the huge encroachment, both conservation managers and research ecologists are concerned about the potential woody cover (the hypothetical degree of encroachment), as well as the alternative of succession models and state-and-transition models for savanna dynamics modeling. If potential woody cover is well below canopy closure, woody plant encroachment will be a bounded process (Sankaran et al., 2005) . Otherwise, savannas may switch to a wooded state as a result of the encroachment, and disturbances such as fire and herbivory will be necessary for the persistence of woody and herbaceous vegetation. While succession models emphasize an ordered series of states during the development of savannas (Fowler & Simmons, 2008) , the state-and-transition models consider reversible stable states (Briske et al., 2005; Bestelmeyer et al., 2009) . If succession models fit Texas savanna dynamics, the encroachment will persist and the savanna will develop toward a more and more woody state. Otherwise, if the state-and-transition models fit better, the encroachment will be a reversible process with or without human manipulation and it will be a much easier task to combat with the encroachment.
It is hypothesized that the potential woody cover that a given site can support is predominantly limited by water availability (Frost et al., 1986; Sankaran et al., 2008) . Research also suggests that, if water availability plays the primary role in determining woody cover in savannas, the potential woody cover would show a gradual increasing trend with mean annual precipitation (MAP) (Walker & Noy-Meir, 1982; Sankaran et al., 2004 Sankaran et al., , 2005 . But if factors such as fire and herbivory play the primary roles, an abrupt increase in potential woody cover would be observed 3 over rainfall gradient. That is, a dominance of grassland will be found in areas below a MAP threshold, while woody canopy closure would occur in areas above that threshold sufficient for woody plant growth (Frost et al., 1986; Jeltsch et al., 2000) . Sankaran et al. (2005) analyzed the potential woody cover in African savannas applying the above MAP-based scheme. However, analogous research in other savanna regions has been rarely seen. And the pattern of the potential woody cover of other savanna ecosystems remains to be established, which could be different from that of the African savannas due to the relatively unexplored factors such as soil characteristic and climate seasonality (Kulmatiski & Beard, 2013) . Given so, this study was designed to investigate the potential woody cover across broad environmental gradients in Texas savanna. While field sites were restricted to a fine scale of 0.25 to 0.5 ha in the African research, a coarse scale study would enrich the theory of scaledependency of woody cover observation (Gillson, 2004; Wiegand et al., 2006) .
Methods

Study area
This study was tested on the Edwards Plateau of Texas, USA (Fig. 1) . The plateau is a unique ecoregion of Texas, characterized by juniper-oak savanna and mesquite-Acacia savanna with middle to short herbaceous vegetation (Küchler, 1964; Fowler & Simmons, 2008) . It is adjacent with dry plains on its western border, and moist prairies and woods to the east. The plateau is roughly an oblong region in which a large rainfall gradient is present, with mean annual precipitation ranging from ~360 mm to ~950 mm in the west-east direction. It has thick and mostly flat bedrock, mainly consisting of hard early Cretaceous limestone. Due the origin of limestone, soil in this region is generally shallow (less than 10 inches) and rich in clay content (Schmid, 1969) . The study area is displayed with Landsat GeoCover Mosaics of 2000, under band combination of 7, 4 and 2 for a natural-like rendition (Fig. 1) . DiMiceli et al., 2011) . The VCF product has been widely used in a variety of research and application (Bucini & Hanan, 2007; Song et al., 2014) . As the only large scale and proportional tree cover dataset available, the MODIS VCF tree cover layer is able to provide us a very large sample to examine the pattern of potential woody cover over broad environmental gradients that is difficult to discern by a small number of observations. The latest MODIS VCF tree cover of 2013 (250m resolution) was utilized in this research.
Precipitation data was acquired from Southern Regional Climate Center. MAP from 1981 to 2010 was calculated in millimeters for 51 rain gauge stations within this study area. Thereafter, a continuous MAP surface was created at 250m resolution. The interpolation method of Kriging was applied, which proves more realistic compared to other methods (Ly et al., 2013) . The MAP surface and MODIS tree cover layer are displayed in figure 2. 
Data sampling
Spatial random sampling was performed across the study area with the MODIS VCF tree cover layer in ArcGIS 10.3, creating a total of 10,000 random pixels. Corresponding proportional tree cover and MAP values were extracted for the sample. Pixels with tree cover values greater than 100% (due to water, cloud, shadow, or filled value) were excluded. The scatterplot of MODIS proportional tree cover vs. MAP is exhibited in figure 3.
Data analysis 3.4.1 Quantile regression
Regression analysis has long been used in ecology study for investigation of relationships between ecological processes and associated factors (Cade & Noon, 2003) . While traditional regression analysis focuses on the mean of the response variable distribution, quantile regression is capable of estimating the relationship between measured factors and all parts of the response variable distribution (Koenker & Bassett, 1978) . Thus, quantile regression is able to provide a more complete insight into the possible causes of ecological processes (Koenker et al., 1994; Cade & Guo, 2000; Dunham et al., 2002; Brown & Peet, 2003) .
Specifically, many ecologists choose to fit the upper boundary of the conditional distribution of ecological responses to the factors of interest (Cade & Guo, 2000) . It is due to that, though only a portion of the associated factors are measured and included in most ecology studies, the upper limit set by the measured factors cannot be exceeded even when other potential factors are included (Cade & Noon, 2003) . Though a parametric form of the relationship is assumed for quantile regression, no hypothesis is made about the distributional form (e.g. normal, Poisson) of the random error portion of the analysis.
Data analysis
Within figure 3, an overall increasing trend of woody cover with MAP is evident. To explore the pattern of potential woody cover, a nonlinear quantile regression was performed between the observed woody cover and MAP, with the package 'quantreg' in software R. The potential woody cover was represented by the 99 th quantile of the observed woody cover (Sankaran et al., 2005) .
While various functions were tested, the exponential function fits the scatterplot best, confirmed by an additional linear b-spline quantile regression. The fitted curve is displayed in red in figure 3. 
Result and Discussion
Result
As shown in figure 3 , the curve of the potential woody cover at MODIS scale is in a sigmoid shape, suggesting a segmented relationship between potential woody cover and MAP in Texas savanna. The potential woody cover starts with a fixed and very low level till 500 mm MAP, 6 followed by an approximate linear relationship with MAP by about 650 mm. From 650 mm on, the potential woody cover stays on a plateau value of about 42%.
It has to be noted that the MODIS VCF tree cover product does not include woody plants less than 5 meters height in their calibration data, while a lot of short woody plants exist in Texas savanna (DiMiceli et al., 2011; Sexton et al., 2013) . Though it does not mean that the small woody plants don't appear in the imagery with similar spectral implications, underestimation may occur with the tree cover product within this study area. It coincided with our visual estimation from Google Earth high resolution imagery, which indicates a higher upper bound than that of 42%. Even though further research is needed on the upper bound value, the segmented relationship between potential woody cover and mean annual precipitation can provide us a lot of insights into woody encroachment management and the mechanisms of treegrass interactions in Texas savanna.
Discussion
This study follows the research by Sankaran et al. (2005) that suggests a similar potential woody cover pattern but a much higher upper bound in African savannas (about 80%). Besides the potential underestimation of the MODIS tree cover product, the discrepancy may be attributed to several other aspects. First of all, compared to the fine scale (0.25 to .05 ha) in the African study, the MODIS scale (6.25 ha) is much less sensitive to local heterogeneity and thus less likely to capture high woody cover of local dense locations.
Secondly, different soil characteristics would take part of the responsibility (Bucini & Hanan, 2007) . Developed from limestone, soil in Texas savanna is shallow and coarse-textured (Schmid, 1969) . It is suggested by the inverse texture hypothesis that coarse-textured soil supports less woody plants in wetter climates than fine-textured soil (Noy-Meir, 1973) . With this in mind, the soil in African savannas is mushy in its long wet season. On the other hand, the soil in the dry season of African savannas is very porous and dry. This type of soil facilitates natural fires that fertilize the soil through the reintegration of ash, and consequently sustains plant growth.
Lastly, climate seasonality such as temperature, timing and intensity of precipitation can also affect potential woody cover through their effect on water partitioning between woody and herbaceous plants (Kulmatiski & Beard, 2013) . For example, rainfall mainly occurs in May/June and September in Texas savanna, while the wet season stretches from May to November in African savannas (Mistry & Beradi, 2014) . It is possible that the longer wet season in African savannas facilitates woody plant growth.
The gradual increasing trend of potential woody plant cover with MAP further confirmed the hypothesis of the primary determinant role of water availability in savanna woody cover in a northern hemisphere savanna. In the relatively dry areas (with MAP below the threshold value of 650 mm), potential woody cover is limited by water availability. Increased water availability in these areas will increase their potential in supporting tree growth and facilitating woody plant encroachment. Therefore, any changes that lead to increased water availability for woody plants such as changes in precipitation regimes and soil properties should be a concern for woody encroachment management.
In savanna dynamics, the distinction between independent (constraints or disturbances) and dependent (interactive) environmental factors depends on observation scale (Skarpe, 1992) .
Moreover, the distinction is also environment-specific. According to this study, woody plant growth in the relatively dry areas in Texas savanna is constrained by water availability, suggesting that MAP acts as an independent factor in savanna dynamics. In mesic areas with MAP above 650 mm, rainfall is sufficient for woody plant growth and is more likely a part of the interactive mechanisms of the savanna dynamics. It also indicates that a combination of competition-based theories and demographic-bottleneck theories is necessary for a full understanding of the savanna dynamics.
Research shows how the increasing woody plants in Texas savanna will persist under present conditions without mechanical removing (Fowler & Simmons, 2008) . The successional process of woody plant encroachment in Texas savanna indicates that traditional succession models characterized by transient dynamics may better depict its present dynamics, compared to the widely used state-and-transition models with reversible alternate stable states. Since the successional process continues until a climax point is reached, the process of woody plant encroachment will not stop until its potential woody cover is realized.
Conclusions
The result of this study unveils the pattern of potential woody cover over broad environmental gradients in Texas savanna, further confirming the hypothesis of the primary role of water availability in determining savanna woody cover in a relatively understudied US-located savanna. In addition, this project's findings highlight the role of factors other than MAP such as soil characteristic and climate seasonality in affecting potential woody cover. Due to the scale dependency of woody cover observation, future studies at finer scales would provide a more complete picture of the pattern of potential woody cover in Texas savanna.
Above all, this study further unveils the fundamental nature of savannas and serves as a baseline for further work concerning savanna management and restoration. It is important to note that the usage of MODIS VCF tree cover product was critical. Despite of the aforementioned potential bias, this dataset in particular, as well as satellite-based regional-scale earth observation techniques in general, exhibit great potential in uncovering the nature of global environmental systems.
